[1] The controlling mechanism of the seasonal cycle of surface partial pressure of CO 2 (pCO 2 ) in the central/eastern equatorial Pacific is studied using a coupled physicalbiogeochemical model. The model results indicate that the individual components of physical transport of total CO 2 (TCO 2 ) in the Niño3 area are out of phase with each other such that the net TCO 2 transport is an order smaller. This net transport is further nearly balanced by the biological drawdown and air-sea CO 2 flux combined, resulting in a weak seasonality of surface TCO 2 . As a consequence, the seasonal cycle of sea surface temperature (SST) controls the surface pCO 2 cycle with a maximum in boreal springsummer and a minimum in boreal fall-winter. In turn, the seasonality of air-sea CO 2 flux is largely controlled by SST and surface winds via the piston velocity of gas exchange. Perturbations to the subtle balance of TCO 2 transport by dynamical processes on other timescales such as El Niño, La Niña and tropical instability waves, could induce significant change to the surface pCO 2 , in addition to the change due to SST variability.
Introduction
[2] The equatorial Pacific represents the largest oceanic source of CO 2 to the atmosphere due to its vast area and high partial pressure of CO 2 (pCO 2 ) in the surface layer [e.g., Tans et al., 1990; Takahashi et al., 1997 Takahashi et al., , 2002 . Persistent upwelling of the CO 2 -rich subsurface water into the surface layer and the relatively slow air-sea exchange as compared to upwelling [Feely et al., 1987; Wanninkhof et al., 1995; Chavez et al., 1999] lead to excessive CO 2 , hence high pCO 2 in the surface layer over the entire basin. Surface pCO 2 in the equatorial Pacific undergoes a significant seasonal cycle with a maximum in boreal springsummer and a minimum in boreal fall-winter [Takahashi et al., 1997 [Takahashi et al., , 2002 Feely et al., 2002 Feely et al., , 2004 Feely et al., , 2006 Cosca et al., 2003] . Since equatorial upwelling is driving the seasonal change of surface total CO 2 (TCO 2 ) [e.g., Wanninkhof et al., 1995; Feely et al., 2002; Wang et al., 2006] , it is puzzling that the pCO 2 cycle is out of phase with the upwelling, which is strongest in winter and weakest in spring [Meinen et al., 2001] . Cosca et al. [2003] suggested that relatively elevated biological activity in fall might have offset the upwelling of TCO 2 and caused the relatively low surface pCO 2 in fall-winter. Recently Wang et al. [2006] suggested that surface pCO 2 was relatively high in both spring and fall, and that surface TCO 2 dominated the seasonal cycle of pCO 2 except for the SST-induced spring peak. Wang et al. [2006] further suggested significant modulation of biological activity to surface TCO 2 but did not estimate the contribution of biological export to the season variation of surface pCO 2 . Earlier modeling efforts have over-estimated the biological export by 3 to 4 times as compared to the observed export production [Winguth et al., 1994; Le Quéré et al., 2000; Obata and Kitamura, 2003] .
[3] In this communication, the mechanism of surface pCO 2 seasonal cycle in the equatorial Pacific is investigated using a coupled physical-biogeochemical model driven by monthly climatological forcing [Jiang et al., 2003; Jiang and Chai, 2005] . The contribution of biological export to the pCO 2 seasonal variation is also examined. We will focus on the Niño3 area (5°N-5°S, 150°W-90°W) where the largest seasonal variation of surface pCO 2 in the equatorial Pacific is detected [e.g., Takahashi et al., 2002; Feely et al., 2002; Cosca et al., 2003] .
Model Description and Numerical Experiments
[4] The numerical model is a coupled physical-biogeochemical model for the Pacific Ocean [Chai et al., 2003; Jiang et al., 2003 ]. The physical model is the NCAR climate ocean model (NCOM) [Li et al., 2001] , and the biogeochemical model is based on the one-dimensional model developed by Chai et al. [2002] . Carbon cycle is simulated with a fixed Redfield C/N ratio and air-sea CO 2 flux is determined by the product of the air-sea pCO 2 difference and the piston velocity of gas exchange [Wanninkhof, 1992] . The calculation of sea surface pCO 2 follows Peng et al. [1987] with the alkalinity linearly linked to normalized salinity [Millero et al., 1998 ].
[5] The coupled model is initialized with climatological temperature and salinity , nutrients [Conkright et al., 1998 ], and TCO 2 [Key et al., 2004] . The model is forced with the monthly means of 47-yr (1946 -1993) heat fluxes and wind stresses from the Comprehensive Ocean Analysis Data Set (COADS) [Li et al., 2001] and the atmospheric pCO 2 observed at Mauna Loa in 1990 [e.g., Keeling et al., 1996] . More details can be found in work by Jiang et al. [2003] and Jiang and Chai [2005] .
[6] Three numerical experiments were conducted to delineate the effects of temperature and biological production on the pCO 2 seasonal cycle. In the control experiment (CTRL), the seasonal cycles of both physics and biology were fully resolved. In the second experiment (FixNP), new and export production at each grid points were set to their annual mean values derived from the CTRL experiment, while the other processes were kept unchanged. In the third experiment (FixSST), surface pCO 2 in the CTRL experiment was re-calculated with the annual mean field of SST.
Results and Discussion
[7] The average DpCO 2 (pCO 2 at sea surface minus pCO 2 in the atmosphere) in the Niño3 area from the CTRL experiment is compared with the climatological mean DpCO 2 ( Figure 1a ) [Takahashi et al., 2002] . Both modeled and observed surface DpCO 2 show a strong seasonal cycle with a distinct peak in boreal spring (March -May) and a low in the boreal fall-winter period, though the modeled peak is about one month earlier. Modeled DpCO 2 shows a seasonal variation of 40 matm, which is larger than that projected by Takahashi et al. [2002] . However, modeled seasonal variation is within the observed range of 20-50 matm in the area of 125°W-95°W from underway measurements during 1992-2001 [Cosca et al., 2003] . In central equatorial Pacific, the model predicts a small seasonal variation about 10 matm, which is consistent with the synthesis results from underway measurements by Feely et al. [2002] and Cosca et al. [2003] but is lower than the seasonal variation projected by Takahashi et al. [2002] . The annual mean pattern of modeled surface DpCO 2 compares well with the climatological projection, but modeled values are about 20 matm lower in central and eastern equatorial Pacific [Jiang and Chai, 2005] .
[8] As the product of DpCO 2 and the piston velocity of gas exchange, modeled air-sea CO 2 flux in the Niño3 area peaks in June (Figure 1b ), in agreement with the climatological projection by Takahashi et al. [2002] , which used NCEP/NCAR monthly mean wind speed in the calculation of the piston velocity. The reason that in fall model CO 2 flux agrees with data while model pCO 2 differs might be due to the different wind products used. Although the average COADS and NCEP wind speeds in Niño3 agree well with each other in their seasonal cycles (not shown), their spatial patterns differ and the COADS winds have a much weaker zonal component and produce more realistic thermocline in a circulation model [Wu and Xie, 2003] . The impact of these differences on the CO 2 flux estimate is not immediately clear without a detailed comparison because of the nonlinear dependence of piston velocity on wind speed. It is also possible that the coarse grid (4°Â 5°) used in the projection over-smoothed the seasonal cycle of DpCO 2 . Modeled total CO 2 flux in the tropical Pacific (14°N-14°S Figure 2 ). The upwelling flux of TCO 2 at 50 m is largely controlled by the upwelling velocity, because TCO 2 concentration at 50 m has a small seasonal change with a maximum in March due to the upward shoaling of the thermocline [see, e.g., Philander, 1990] . Model upwelling velocity at 50 m is largest in winter and smallest in summer, consistent with the estimates from the TOGA buoy measurements [Meinen et al., 2001] . The upwelling and net meridional fluxes are generally in-phase each other, but much larger than and outof-phase with the net zonal flux. The meridional flux at 5°N is northward ranging from 7 to 12 GtC yr À1 in winter-spring months, while it is much smaller during the rest of the year and switches to southward in summer. The meridional flux at 5°S is persistently southward with a range of 8 to 15 GtC yr À1 and a peak in summer. As a result of these phase differences, the net transport of TCO 2 has a maximum in March -April and a minimum in August -September, although the upwelling flux has a maximum in winter and a minimum in summer. On the other hand, the timescale of surface CO 2 reaching equilibrium with the atmosphere is about half a year [Broecker and Peng, 1982] , and as a result, surface TCO 2 is lagging about 3 to 4 months behind the net transport. In other words, it is the net physical transport of TCO 2 , rather than the upwelling itself, that dominates in the seasonal cycle of surface TCO 2 . [10] The carbon budget analysis also indicates that the air-sea CO 2 flux and biological drawdown of CO 2 play a small role in the seasonal cycle of surface TCO 2 in the Niño3 area. Both the air-sea CO 2 flux and biological export have small seasonal variations as compared to the net TCO 2 transport. However, the sum of annual mean air-sea exchange (2.1 mol m À2 yr À1 ) and biological export (2.9 mol m À2 yr À1 ) nearly balances the net physical transport (Figure 2c ). Both the biological export and primary production (not shown) have a maximum in March -April and a secondary peak in August -September, consistent with the climatological mean primary production measured in 1983 (R.T. Barber, personal communication, 2001 ) and the modeled export by Wang et al. [2006] . The overall values of modeled primary production and export production agree with historical observations quite well, see Jiang et al. [2003] for a detailed comparison. A weak seasonal variation of primary production simulated is consistent with the weak seasonal variations of modeled and observed primary production in 1992 [Chavez et al., 1996; Wang et al., 2006] , even though a moderate El Niño event occurred in spring 1992. The increased production in spring is due to the elevated nutrient concentrations (not shown) and increased water temperature induced by the upward shoaling of the thermocline. In fall-winter, the much deeper surface mixed layer [see, e.g., Wang et al., 2006] offsets the strong upwelling and leads to the relatively low surface nutrient concentrations.
[11] A weak seasonal cycle of surface TCO 2 in the Niño3 area leaves the control of surface pCO 2 seasonal cycle to the SST. Model SST generally agrees with observed SST [Reynolds et al., 2002] and both are high in spring and low in fall-winter in response to the variability of trade winds [Philander, 1990] (Figure 3) . Without the seasonal variation of SST (FixSST experiment), the modeled surface pCO 2 in the Niño3 area has an average of 50 matm (the same as that in the CTRL experiment) and a seasonal change of about 12 matm with a small peak in fall, when the atmospheric pCO 2 and surface TCO 2 also reach their maxima (Figure 3) . As a result, the DpCO 2 anomaly between the CTRL and FixSST experiments accounts for more than 80% of the pCO 2 variation over the year. In turn, the seasonal cycle of air-sea CO 2 flux is controlled by SST and surface winds while biological activity and physical transport play small roles in this process. These results are significantly different from the model results by Wang et al. [2006] , which predicted similar spatial and temporal pattern of surface TCO 2 and pCO 2 with two peaks (spring and fall) and a fall-winter maximum of air-sea CO 2 flux. Wang et al. [2006] further suggested that surface TCO 2 dominated the seasonal cycle of pCO 2 with additional warming effect in spring. However, an under-estimated seasonal variation of SST in their model (about 1°C as compared to our 2°C and observed 3°C, see Figure 3b ) may have led to an underestimation of temperature effect on surface pCO 2 cycle. [12] The biological drawdown contributes about 6 matm to the seasonal variation of surface pCO 2 as can be seen from the pCO 2 differences between the CTRL and FixNP experiments (Figure 3 ). In the FixNP experiment, the new production in spring is smaller than in the CTRL experiment, which leads to the accumulation of surface TCO 2 and hence increases surface pCO 2 in summer. By contrast, higher new production in the FixNP experiment during fall and winter leads to reduced surface TCO 2 in winter.
[13] The subtle balance of CO 2 transport and dominance of the net physical transport on the seasonal surface TCO 2 budget in the Niño3 area have significant implications for the pCO 2 variability in other timescales such as intraseasonal and inter-annual variability. Different from the dominance of upwelling on the nutrient budget in the surface layer of the equatorial Pacific [Toggweiler and Carson, 1995; Chai et al., 1996; Jiang et al., 2003] , both the meridional and zonal fluxes of TCO 2 have comparable magnitudes as the upwelling flux in this area. Therefore, the phase differences between each physical component of any perturbations to the seasonal cycle would have dramatic consequences to surface TCO 2 and likely change the SST dominance on the surface pCO 2 variability. For example, the frequent tropical instability waves (TIWs) at around 2°N would bring nutrient-poor water from the subtropical north Pacific into the equator [Eldin and Rodier, 2003] and hence reduce the normally northward meridional flux of TCO 2 at 5°N. Recently, Le Borgne et al. [2002] pointed out that the surface area of high nutrients and low chlorophyll (HNLC) in the equatorial Pacific (calculated within 1°N-1°S) has a small difference between El Niños and other periods (the area ratio of El Niño/(other years) equals 0.67). This is dramatically different from the area difference for CO 2 evasion estimated by Feely et al. [2002] (the area ratio equals 0.25), indicating different controls on the interannual variability of nitrate and TCO 2 in the equatorial Pacific. Recent observation and modeling studies have demonstrated the dominance of physical forcing on the inter-annual variability of the surface TCO 2 , but the focus is largely on the changes of the upwelling and zonal fluxes [e.g., Chavez et al., 1999; Le Quéré et al., 2000; Feely et al., 2002; Obata and Kitamura, 2003 ]. More quantitative studies on the variability of meridional flux (and related processes such as TIWs) are needed given its large value and significant seasonal variation.
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